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Herpes Simplex Virus ICPO and ICP34.5 Counteract Distinct
Interferon-Induced Barriers to Virus Replication
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Interferon inhibits virus replication through multiple mechanisms. Here we show that herpes simplex virus
proteins ICP0 and ICP34.5 overcome interferon-induced barriers to viral transcription and translation,
respectively. These cytokine-induced antiviral mechanisms are differentially expressed in established cell lines:
U20S cells do not mount the IFN-induced mechanism targeted by ICP0, and Vero cells may be defective for

the mechanism targeted by ICP34.5.

The interferon (IFN)-induced cellular antiviral response is
the primary defense mechanism against viral infection in the
intact mammalian host (15, 16, 19). Many viruses have there-
fore evolved strategies to evade the effects of IFN by blocking
IFN production or its antiviral actions (15, 20, 21). IFN induces
the synthesis of many proteins capable of inhibiting viral rep-
lication, with the double-stranded RNA (dsRNA)-dependent
protein kinase PKR being among the most effective (14). La-
tent PKR resides within the cytoplasm and is activated by
dsRNA, a common by-product of viral infection. Activated
PKR phosphorylates the alpha subunit of eukaryotic initiation
factor 2 (eIF-2a), thereby inhibiting translation. It is thus not
surprising that each step of the PKR pathway is subject to
negative regulation by diverse RNA and DNA viruses (20).

IFN only marginally reduces the replication of herpes sim-
plex virus type 1 (HSV-1) in cultured cells, yet it plays a major
role in limiting acute infection in intact animals (22, 24, 25, 32).
At least three HSV-1 gene products appear to modulate IFN-
related pathways. We previously demonstrated that viral mu-
tants deficient in the immediate-early (IE) protein ICPO are
hypersensitive to IFN and fail to accumulate viral mRNAS in
Vero cells pretreated with the cytokine (29). In addition, the
late proteins ICP34.5 and US11 have been implicated in the
PKR pathway: ICP34.5 serves as a regulatory subunit of pro-
tein phosphatase 1 and acts to reverse PKR-induced phosphor-
ylation of eIF-2a while US11 is an RNA binding protein that
prevents PKR activation (4, 6, 18, 34).

Although ICP34.5 interacts with a component of the PKR
pathway, its contribution to the relative resistance of HSV-1 to
IFN in tissue culture has not been investigated. We therefore
asked if the ICP34.5-deficient chain termination mutant termA
(2) is hypersensitive to IFN by using a plaque reduction assay.
Monolayers of otherwise permissive Vero and U20S cells were
pretreated for 16 h with 1,000 U of IFN-a per ml and then
infected with serial dilutions of termA, its wild-type marker
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rescue product termAR, wild-type herpes simplex virus type 1
(HSV-1) KOS, and the KOS ICP0 null mutant n212 (3).
Plaques were counted 2 days later, and the results were ex-
pressed as the ratio of the titers observed on treated versus
untreated monolayers (Table 1). As previously reported, IFN
had only a modest effect on wild-type HSV (KOS and termAR)
in both cell types, while n212 was severely inhibited on Vero
but not U20S cells (29). In contrast, the ICP34.5 mutant
termA displayed the converse pattern: plaquing was severely
reduced on U20S cells (>200-fold), but little effect was ob-
served on Vero cells. These data indicate that IFN induces an
antiviral mechanism in U20S cells that is targeted by ICP34.5.
Inasmuch as multiple ICPO mutants are resistant to the cyto-
kine in this cell type (29), the data indicate that ICP34.5 and
ICPO overcome distinct antiviral pathways and suggest that
U20S cells may lack the pathway targeted by ICPO; alterna-
tively, these cells may express a cellular ICP0-like activity (37)
capable of disarming a subset of IFN-induced mechanisms.
The data also raise the possibility that Vero cells lack the
pathway targeted by ICP34.5; alternatively, these cells may
support low-level suppression of the chain-termination muta-
tion in termA, as previously inferred for analogous ICP34.5
mutants in human foreskin fibroblasts (7). Further experiments
are required to distinguish between these alternatives.
ICP34.5 mutants display a host-range phenotype in the ab-
sence of exogenous IFN, being unable to replicate in a subset
of cell lines. The block to viral replication in such constitutively
restrictive cell lines occurs at the level of translation (8, 9) and
is accompanied by the accumulation of phosphorylated elF-2a
(6). In contrast, ICPO mutants fail to accumulate viral mRNA
in [FN-treated Vero cells, consistent with a defect in transcrip-
tion, pre-mRNA processing, or mRNA stability (29). To begin
to define how ICP34.5 and ICPO act to promote viral replica-
tion in the presence of IFN, we performed nuclear run-on
transcription assays. Nuclei were harvested from control and
IFN-treated Vero and U20S cells 6 h postinfection, and 20
PFU of n212 per cell were used in contrast to 5 PFU of KOS,
termA, and termAR per cell in order to increase the run-on
signal in Vero cells. Transcription in isolated nuclei was done
in the presence of [**P]JUTP and a buffer containing 150 mM
KClI (36). Each reaction mixture contained 107 nuclei, and
incorporation ranged from 5 X 10° to 1 X 107 cpm/reaction
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TABLE 1. Effects of IFN-a and cell type on plaque formation
by ICP0O and ICP34.5 mutants®

Titer ratio (untreated/treated)

Virus Gene inactivated

Vero cells U208 cells
KOS None 2.3 2.9
n212 ICPO >200° 3.5
termAR None 2.1 1.9
4.0 8.7
3.7 3.6

2.8 2.3

termA 1CP34.5 31 >200°

10 >1,000°

8.5 >1,000”

4.8 >1,000°

“Vero and U20S cells were mock treated or pretreated for 16 h with 1,000 U
of human lymphoblastoid IFN-« (Sigma) per ml prior to infection. Results from
individual experiments are reported for each virus in each cell line, with the ratio
determined by dividing the viral titer obtained on control cells by that observed
on IFN-a pretreated cells.

 No plaques were visible at the lowest dilution of virus tested in the presence
of IFN.

mixture between experiments; however, within each experi-
ment, incorporation differed by no more than 20% between
reactions. The RNA product from 107 nuclei was purified and
hybridized to a membrane containing single-stranded probes
designed to detect sense transcription of the IE genes encoding
ICP-0, -4, -22, and -27 and the late gene encoding VP16. IFN
had relatively little inhibitory effect on viral transcription in
either cell type during infection with KOS, termA, or termAR;
indeed, we consistently observed a marginal increase in the
run-on signal for the IE genes with KOS in U20S cell in the
presence of IFN. Although the basis for this latter effect re-
mains unclear, it may reflect an IFN-induced defect in the
repression of IE gene transcription that normally occurs in the
early phase of infection. In contrast, transcription of the n212
genome was almost completely blocked in Vero cells pre-
treated with IFN (Fig. 1). However, this effect was not ob-
served in U20S cells which complement ICPO null mutants
(37). As shown previously (10, 28, 33), IFN did not block
delivery of the viral genome to the nucleus (data not shown).
Taken in combination, these data demonstrate that ICPO is
required to overcome an IFN-induced intranuclear block to
viral transcription in Vero cells, whereas ICP34.5 promotes
virus replication in IFN-treated U20S cells at a posttranscrip-
tional level.

ICP34.5 mutants display complete shutoff of viral protein
synthesis at intermediate times postinfection in constitutively
restrictive cell lines. We asked if IFN induces a similar pheno-
type in otherwise permissive U20S cells. Control and IFN-
treated monolayers of Vero and U20S cells were infected with
5 PFU of termA or termAR per cell for 3, 6, or 12 h and then
labeled with [>*S]methionine for 1 h as previously described
(30) (Fig. 2). IFN had no significant effect on the pattern of
protein synthesis by either virus in Vero cells, with the possible
exception of a marginal reduction with termA at 12 h postin-
fection. In marked contrast, IFN selectively inhibited protein
synthesis by termA in U20S cells: protein synthesis was re-
duced at 6 h postinfection and virtually abolished by 12 h, while
translation was sustained for 12 h in control cells. Inasmuch as
IFN had no effect on termAR in these cells (Fig. 2), these data
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indicate that ICP34.5 overcomes an IFN-induced barrier to
viral protein synthesis in U20S cells. Northern blot analysis
showed that high levels of ICP27 mRNA were maintained at
6 h postinfection with termA in IFN-treated U20S cells (Fig.
3), demonstrating that the translational arrest observed in the
absence of ICP34.5 was not accompanied by the loss of viral
mRNA. In contrast, as shown previously (29), IFN prevented
accumulation of ICP27 mRNA in Vero cells infected with n212
(Fig. 3). Taken in combination, these data demonstrate that
IFN induces an ICP34.5 null phenotype in U20S cells that is
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FIG. 1. ICPO functions to overcome an IFN-induced block to viral
transcription. Transcription levels were measured by nuclear run on
analysis in Vero and U20S cells either mock treated or pretreated with
IFN-a prior to infection with wild type-HSV-1 (KOS and termAR) or
mutant 7212 (ICP0™) or termA (ICP34.57). Nuclei were harvested 6 h
postinfection, and transcription was allowed to proceed in the presence
of radiolabeled UTP. RNA products were purified and hybridized to
membranes bearing single-stranded DNA probes designed to detect
sense transcription of the indicated viral genes.
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FIG. 2. ICP34.5 functions to overcome an IFN-induced block to translation. Vero and U20S cells either mock treated or pretreated with IFN-«
were infected with 5 PFU/cell termA or termAR, incubated for the indicated times (in hours), and then labeled with [**S]cysteine-methionine for
1 h. Lysates were subjected to SDS-PAGE analysis and visualized by autoradiography.

reminiscent of that observed in constitutively restrictive cell
lines in the absence of IFN. By far, the simplest interpretation
is that the antiviral system targeted by ICP34.5 is induced by
IFN in some cell lines and expressed constitutively in others.
Our data demonstrate that ICPO and ICP34.5 each contrib-
ute to the relatively IFN-resistant phenotype of HSV in tissue
culture. It is interesting and perhaps significant that the genes
encoding these proteins are immediately adjacent in the viral
genome and lie within the domain that is transcribed from the
opposite DNA strand during latency (35), raising the possibil-
ity that they may be coregulated in certain circumstances.
ICP34.5 acts as a regulatory subunit of protein phosphatase
1 that directs the enzyme to dephosphorylate eIF-2a (6, 18).
Inamuch as eIF-2a is phosphorylated by PKR and PKR plays
a key role in limiting the replication of many viruses, the
simplest interpretation is that PKR activity limits the growth of
ICP34.5 mutants under restricting conditions. Indeed, strong
evidence that this is the case in intact mice has been presented
(23), and our data are consistent with this hypothesis. How-
ever, it is worth noting that PKR is not the only eIF-2« kinase
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FIG. 3. Effect of IFN-« pretreatment on accumulation of viral IE
mRNA. Vero and U20S cells were mock treated or pretreated with
IFN-a prior to infection with 5 PFU of either n212 (ICP0™) or termA
(ICP34.57) per cell. Total RNA was harvested 6 h postinfection, and
ICP27 transcript levels were analyzed by Northern blot analysis. Arrow
indicates ICP27 mRNA.
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capable of arresting translation in mammalian cells (1, 17).
Therefore, further experiments are required to definitively
identify the IFN-inducible target of ICP34.5 in U20S cells.

ICPO was first characterized as a promiscuous activator ca-
pable of stimulating gene expression controlled by viral and
cellular promoters in a sequence-independent fashion (13).
More recently, evidence has emerged that ICPO plays a fun-
damental role in launching the viral lytic cycle by targeting
several cellular proteins believed to be involved in an innate
cellular repression mechanism that silences infecting viral ge-
nomes (11). Possibly key to this repression system are discrete
nuclear domains called ND10, which are considered sites of
DNA virus transcription and regulation (26). ICPO localizes to
and subsequently disrupts ND10 (27), in part through the pro-
teasome-dependent degradation of several ND10 constituents,
some of which are highly inducible by IFN (5, 12, 31). Thus,
our observation that ICPO reverses an IFN-induced block to
viral transcription is intriguing. To our knowledge, this is the
first report of a viral protein that overcomes an IFN-induced
nuclear block to viral transcription by RNA polymerase II. We
believe that deciphering the interplay between IFN and ICP0
will provide further insight into the antiviral role of IFN and
illuminate how ICPO reverses the cellular repression mecha-
nism that targets incoming viral genomes for quiescence or
latency.
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